Introduction
The emergence of various tissue clearing and molecular labelling methods over the last decade is enabling unprecedented optical access to the structure and function of intact biological systems [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . Most of these methods employ a cocktail of chemicals for membrane lipid dissolution and/or refractive index smoothening to render the tissue transparent 15 . Together with parallel advances in high-speed microscopy methods, these approaches have already proven to be highly effective in mapping of organs as large as the intact adult mouse brain 1, 4, 16, 17 . By providing a highly-detailed 3D view of the architecture of normal and abnormal intact tissues, these methods can accelerate our understanding of the structure and function of brains, a key goal of high profile BRAIN initiative, as well as provide mechanistic insights into the pathophysiology of the microarchitecture of diseased tissues. However, scaling up these approaches, while maintaining uniform high imaging quality, faces the challenges of clearing and labelling of large samples combined with high-resolution quantitative 3D imaging. Here we address some of these challenges by developing a conceptually distinct microscopy framework: Light Sheet Theta Microscopy (LSTM). Building upon the principles of light sheet microscopy (LSM) 18, 19 , LSTM allows high-speed quantitative imaging of large intact tissues at high uniform resolution.
Light sheet microscopy was first introduced more than a century ago 18, 19 ; it uses a thin sheet of light for planar illumination of a sample and an orthogonally arranged wide-field detection arm for simultaneously capturing the emitted signal with a high speed CCD or sCMOS camera 16 .
Compared to other commonly used 3D imaging modalities, confocal and 2-photon microscopy, LSM places the minimum possible energy load on the sample and provides orders of magnitude faster imaging. The samples larger than the field-of-view (FOV) of a microscope are imaged by sequential acquisition of overlapping image stacks 1 , which are then computationally stitched to result in the final image volumes. LSM has been highly successful for experimentations in developmental biology [20] [21] [22] [23] [24] , cell biology [25] [26] [27] , high-resolution whole brain neuroanatomy 1, 17, 28 and neural activity mapping experiments [28] [29] [30] [31] [32] [33] .
The sizes of samples that can be imaged with LSM is restricted along two dimensions, the detection and the illumination axes (Figure 1 ). Sample illumination is therefore restricted to few millimeters deep and wide, without a limit on length. Although LSM has been used for rapid high-resolution imaging of samples as large as mouse brains 1 , image quality is progressively reduced towards the sample's center because of illumination light scattering (even with two-sided illumination). The progressive reduction of image quality is even more severe for larger rat brain tissues 34 . These fundamental limitations have precluded the use of LSM for high-resolution quantitative imaging of large samples such as rodent brain tissues, and for imaging of a sample with laterally extended geometries such as thick slices of human brain or physically expanded tissues (e.g. using
Expansion Microscopy 35 and MAP 36 ). Recently, alternative optical configurations of LSMincluding the rotation of the illumination and the detection axes by 45° relative to the sample surface normal as done in OCPI, iSPIM and diSPIM implementations 23, 29, 37, 38 and illumination light sheets through the detection objectives itself 31 have partially addressed these limitations.
While these implementations have been highly successful for rapid imaging of small samples (e.g.
C. elegans embryos) or small volumes of mouse brain cortex, they suffer from other geometry and image quality constraints (Figure 1a ) when applied to larger samples.
We have developed Light Sheet Theta Microscopy (LSTM) to address some of these limitations.
LSTM achieves planar imaging by employing obliquely arranged illumination light sheets from the same side of the sample as the detection objective. This configuration alleviates limitations on the lateral dimensions of the sample, while providing similar or better imaging depth, uniform high-resolution, low photo-bleaching and high imaging speed for larger samples. Here we characterize the LSTM approach using examples that include mouse and rat brain, as well as human brain slices. Through high-speed quantitative imaging of larger samples, LSTM could facilitate mapping of an entire post-mortem human brain (slab-by-slab) in a practical time-frame.
Results

Light Sheet Theta Microscopy (LSTM)
LSTM includes a standard wide-field detection arm and two symmetrically arranged nonorthogonal (q<90°, relative to the sample surface normal) illumination arms for the generation of thin sheets of light that intersect at the detection focal plane (Figure 1,2) . This approach results in a thin line illumination profile which is then scanned, in synchrony with the line-by-line rolling shutter detection of an sCMOS camera (virtual slit effect, Tomer et al 2014), to achieve thin optical sectioning (Figure 1) . In contrast to LSM, the non-orthogonal optical configuration of LSTM does not place any restrictions on the lateral dimensions of the imaging volume, while still allowing access to the complete working distance of the detection objective, provides high imaging speeds (20 milliseconds per image acquisition, limited only by sCMOS camera speed 1 ) and low photobleaching (Figure 3d ). To achieve planar illumination, we designed two modes of line scanning:
(1) 1-axis scanning (1-AS), which involves translation of light sheets perpendicular to their propagation direction (Figure 1c To implement the illumination arms as a rigid monolithic assembly that can be easily rotated and translated, we built the first prototype on a vertically mounted breadboard (Figure 2,   Supplementary Figure 2) , using a caging system to connect all the optics to rigid frames. The entire assemblies were then connected to the breadboard via x-y manual translation stages to allow for finer positioning adjustments. We also designed an open top sample mounting strategy by employing a 3D printed chamber (Supplementary Figure 2b) attached to a high accuracy x-y-z motorized stage assembly. Biological samples were mounted in a quartz cuvette of the appropriate size, tightly connected to the bottom of the sample chamber (Supplementary Figure 2b) . We also developed adapters to mount a prism mirror for the optical alignments. The entire sample chamber assembly can be translated in 3 dimensions to acquire the image volumes. This approach allows for full exploration of various parameters of the system (such as the angular separation between the illumination and detection arms) and acquiring data from large samples by providing rigid monolithic illumination and detection units with translational and rotational degrees of freedoms.
The final overall LSTM illumination configuration includes a LASER source, collimators (~10 mm output beam diameter), ETL, cylindrical lens, galvo scanner, scan lens, tube lens and illumination objective (Figure 2 ). In addition, we incorporated an iris, after the collimator, to remove the peripheral spread of Gaussian beams, a one dimensional slit, before cylindrical lens, to control the effective numerical aperture of illumination and a second iris at the conjugate plane, between scan lens and tube lens, to control the light sheet height. The detection arm is composed of a detection objective, emission filter, tube lens and an sCMOS camera.
Since LSTM involves scanning of a line illumination-detection profile generated by the intersection of the light sheet and the detection plane, we used static sheets (generated by the use of a cylindrical lens and the associated optics), instead of a dynamic sheet (generated by rapid scanning of a pencil beam) to maximize imaging speeds. The cropping of peripheral parts of the large input diameter beam with an iris ensured a relatively uniform intensity distribution profile across the static light sheet. We used a galvo scanner to achieve rapid translation of light sheets perpendicular to their propagation direction. Finally, for 2-AS mode, we also needed rapid translation of the thinnest part of the sheet along the propagation direction. Possible approaches here include fast piezo motors to translate the illumination objectives, using holographic spatial light modulators or an electrically tunable lens (ETL) driving induce divergence and convergence of a collimated beam. The use of piezo motors for rapid scanning of objective often results in vibrations and require additional settling time 28, 30 , and the spatial light modulators are limited in modulation speed because of slower refresh rates. ETLs, on the other hand, can achieve high frequency modulation of focal point position without the need for moving optics of significant mass 39 . We thus tested an ETL based approach and found it to be highly effective for achieving Next, determined the influence of angular separation of illumination and detection arms on the resulting image volumes. We first calculated and compared the illumination path length in LSTM and LSM; shorter the illumination path length the better the image quality. In LSM, the illumination light sheet needs to penetrate the entire width of the sample for complete coverage, whereas in LSTM the effective illumination path length depends on the angular arrangement and the tissue thickness(t): t/cos(q). As shown in Figure 3b , LSTM is expected to outperform LSM for high quality imaging of large samples.
In LSTM, from an illumination path length stand point, minimizing the angular separation will increase the imaging quality. However, when the effect of q on the effective light sheet thickness (approximated as b/sin(q), Figure 3c ), which determines the axial resolution, is measured, an inverse relationship is found: the more the q the better the axial resolution. Because illumination is provided via a relatively low NA objective (0.28) for which the light scattering has much smaller effect on the illumination side, we decided to maximize the angular separation (~60°) to achieve higher axial resolution. All the experiments were performed using this configuration.
LSTM allows rapid quantitative imaging of large samples with high uniform resolution.
We first tested the use of lower NA illumination ( Finally, we demonstrate that LSTM outperforms LSM for uniform high-resolution imaging of large samples (Figure 6 ). For this we cleared a large slice of rat brain and stained it with a relatively uniform label to visualize all the blood vessels. Previous attempts of using LSM to image rat brain resulted in poor image quality apart from the most peripheral parts of the tissue 34 , as also expected because of illumination scattering. We challenged the LSTM approach with this very large sample (~2 centimeters wide and >5 mm deep) for a direct comparison with LSM imaging performance.
Note that we decided to choose a highly transparent tissue (Figure 6a inset) and a broad label for a fair comparison. As shown in Figure 6 and Supplementary video 5, indeed LSTM allowed rapid uniform high-resolution imaging of the entire tissue, whereas LSM resulted in progressively reduced image quality towards the middle of the sample, similar to the previous report 34 . To complement these observations, we also performed imaging of a large piece of human brain tissue labelled with a uniform nuclear label DAPI. Human brain tissue, being dense, scatters the illumination light heavily and thus has been proven to challenging to be imaged by LSM approach. Illumination depth calculations. We used geometric calculations (Figure 3b ) to estimate the maximum illumination path lengths of LSTM as / cos q , where t is the sample thickness to be imaged and q is the angle between the illumination propagation direction and the detection axis.
The maximum illumination path length in LSM would be the same as the sample width (w). We calculated the ratio of these illumination path lengths which was converted into a binary representation by thresholding at 1, and plotted as a heat map, shown in 
